Previous studies have used small numbers of ice core records of past volcanism to represent hemispheric or global radiative forcing from volcanic stratospheric aerosols. With the largest ever assembly of volcanic ice core records and state-of-the-art climate model simulations of volcanic deposition, we now have a unique opportunity to investigate the effects of spatial variations on sulfate deposition and on estimates of atmospheric loading. We have combined 44 ice core records, 25 from the Arctic and 19 from Antarctica, and GISS ModelE simulations to study the spatial distribution of volcanic sulfate aerosols in the polar ice sheets. We extracted volcanic deposition signals by applying a high pass loess filter to the time series and examining peaks that exceed twice the 31-yr running median absolute deviation. Our results suggest that the distribution of volcanic sulfate aerosol follows the general precipitation pattern in both regions, indicating the important role precipitation has played in affecting the deposition pattern of volcanic aerosols. We found a similar distribution pattern for sulfate aerosols from the 1783-1784 Laki and 1815 Tambora eruptions, as well as for the total β activity after the 1952-54 low latitude Northern Hemisphere and 1961-62 high latitude Northern Hemisphere atmospheric nuclear weapon tests. This confirms the previous assumption that the transport and deposition of nuclear bomb test debris resemble those of volcanic aerosols. We compare three techniques for estimating stratospheric aerosol loading from ice core data: radioactive deposition from nuclear bomb tests, Pinatubo sulfate deposition in eight Antarctic ice cores, and climate model simulations of volcanic sulfate transport and deposition following the 1783 Laki, 1815 Tambora, 1912 Katmai, and 1991 Pinatubo eruptions. By applying the above calibration factors to the 44 ice core records we have estimated the stratospheric sulfate aerosol loadings for the largest volcanic eruptions during the last millennium. These loadings agree fairly well with estimates based on radiation, petrology and model simulations. We also estimate the relative magnitude of -2 -sulfate deposition compared to the mean for Greenland and Antarctica for each ice core record, which provides a guideline to evaluate the stratospheric volcanic sulfate aerosol loading calculated from a single or a few ice core records.
Abstract
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Introduction
Understanding natural causes of climate change is vital to evaluate the relative impacts of human pollution and land surface modification on climate. Of all the natural causes, volcanic eruptions and solar variation are the two most important. Robock [2000] reviewed the impacts of volcanism on the Earth's climate system and stressed the need for a reliable record of atmospheric loading of volcanic sulfate aerosol to be able to evaluate the causes of climatic change over the last couple of millennia. Acidity and actual sulfate records from polar firn and ice cores have provided unique details about the nature, timing, and magnitude of volcanic eruptions on regional to global scales. In the last decade, several studies [Robock and Free, 1995, 1996; Zielinski, 1995; Clausen et al., 1997; Crowley, 2000] have used one or a few ice cores to reconstruct the history of explosive volcanism. As more ice cores became available, studies have found large spatial variations in the volcanic sulfate deposition among the Greenland and Antarctic ice cores. For example, the Tambora eruption in 1815 in Indonesia has sulfate fluxes estimated to be between 22.4 kg/km 2 at Plateau Remote [Cole-Dai et al., 2000] and 133 kg/km 2 at Siple Station [Cole-Dai et al., 1997] ; the 1783-1784 Laki deposition ranges from 79.7 kg/km 2 at Humboldt (78.5°N) to 323 kg/km 2 at D3 (69.8°N) [Mosley-Thompson et al., 2003] , and from may also be caused by local or regional circulation patterns before and during the time of deposition as well as the different deposition mechanisms [Robock and Free, 1995] . Estimations based on the average of multiple ice core records can reduce some of the uncertainties [Robock and Free, 1995, 1996; Free and Robock, 1999; Mosley-Thompson et al., 2003] . However, the number of ice core records decreases as one goes back in time and only a few ice cores are available before 1000 A.D. The uncertainty introduced by the change of ice core availability can be reduced with knowledge of the spatial distribution pattern of volcanic sulfate aerosols.
By measuring the amount of sulfate that was deposited in ice cores, in theory one could do an inverse calculation to estimate the stratospheric loading, and then use this information to calculate the radiative forcing of the climate system [e.g., Stenchikov et al., 1998 ], one of the ultimate goals of our research. To do this inverse calculation one has to make simplifying assumptions about the area of deposition of the sulfate and the representativeness of deposition on ice for the total atmospheric loading. The simplest assumption would be that sulfate deposition was uniform worldwide, and one could just multiply the mass of sulfate per unit area measured in the ice by the surface area of the Earth (5.1×10 8 km 2 ). But our data from Kuwae show that the Southern Hemisphere (SH) polar deposition was twice of that of the Northern Hemisphere (NH), suggesting more total deposition in the SH. One could also assume uniform deposition in each hemisphere and that the ice core deposition was representative of the hemispheric average. However, our model simulations, discussed later,
show that most deposition occurs at midlatitudes (30°-60°) in each hemisphere, in regions of tropopause folds and strong stratosphere-troposphere transport along the jet stream and storm
tracks.
An alternative is to make simplifying assumptions about the transport and deposition of the volcanic sulfate aerosols, and use some reference event to calibrate the stratospheric loading.
Several previous studies [e.g., Clausen and Hammer, 1988; Langway et al., 1988; Zielinski, 1995] used factors derived from observations of radioactivity from nuclear bomb tests to estimate stratospheric sulfate loading, assuming a similar global distribution pattern between the radioactivity from bomb tests and sulfate injected into the atmosphere by violent volcanic events.
Other studies [e.g., Cole-Dai and Mosley-Thompson, 1999 ] assumed a similar global transport pattern for all of the low-latitude eruptions and used the observed aerosol loading of the Pinatubo eruption and its deposition in six South Pole ice cores to calibrate atmospheric loadings of other low latitude eruptions. However, Zielinski [1995] found that the atmospheric loadings derived in the first group of studies were 2-5 times larger than those calculated from stratospheric observations for recent eruptions by Sato et al. [1993] . The radioactivity data used in these studies was based on the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 1982 Report [UNSCEAR, 1982] which used the total atmospheric loading rather than the stratospheric portion. The up-to-date UNSCEAR 2000 Report [UNSCEAR, 2000] includes new information that was previously unavailable and it separates the stratosphere from the troposphere. In this study, we will recalculate the calibration factors using the 2000 Report. In the second group of studies the calibration was only done for the South Pole ice cores and the result may be very different for ice cores in other regions. In addition, the hemispheric partitioning of volcanic clouds could be quite different than that for the Pinatubo eruption, depending on the location of the eruption, height of the plume, location of the Intertropical Convergence Zone, phase of the Quasi-Biennial Oscillation, and stratospheric winds when the eruption took place. Sulfate deposition records from both polar ice cores can help us to determine the hemispheric partitioning of these volcanic events.
In Discussion and conclusions are presented in Section 5. This is the first study to use ice core records to investigate the spatial distribution patterns of volcanic sulfate on regional to continental scales. Our results not only provide a guideline to reconstruct a long-term volcanic forcing index with a reduced body of ice core records, but also serve as a reference to evaluate model simulations of volcanic deposition.
Ice Core Database and Volcanic Deposition Calculation Methodology
We have selected seven major low-latitude eruptions during the last millennium, Unknown (1259), Kuwae (1452 or 1453), Unknown (1809), Tambora (1815), Krakatau (1883), Agung (1963), and Pinatubo (1991) , to study the spatial pattern of the volcanic sulfate deposition in the ice cores. These events were chosen because all of them are large explosive volcanic eruptions (Volcanic Explosivity Index [Newhall and Self, 1982] Clausen and Hammer [1988, CH88 hereafter] also computed the deposition for the same two eruptions for 12 Greenland ice cores. We combined these two analyses with our ice core results to obtain a more comprehensive understanding of the spatial pattern in Greenland ice cores. . Then we evaluated the sulfate fluxes for the above nine events from the 26 cores and adjusted the timing of the signals so that the peak deposition of each event corresponds to the same year. After that, we calculated the total deposition for each eruption in the individual ice core by summing the deposition in the years that follow the eruption. The resulting sulfate deposition, together with those from six PARCA and 12 CH88 records, were plotted for individual eruptions. Figure 1 shows the spatial distributions of the Laki, 1809 Unknown, Tambora and Krakatau volcanic sulfate deposition in the Greenland ice cores; Fig. 2 shows the spatial patterns of the deposition interpolated into 0.5°×0.5° grid points. The interpolation was done using a
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Greenland Ice Cores
Cressman [1959] objective analysis on the station data to yield a gridded result representing the station data. From the figures we see that despite some local variations among the ice cores there are some common spatial patterns at regional scale, which generally follows the pattern of annual total precipitation (solid + liquid) [Fig. 6 in Box et al., 2004] also found that site E is located in an accumulation "shadow" area compared to the corresponding region east of the ice divide. Siple Station always has the highest deposition, followed by Dyer and the ITASE cores, all located in West Antarctica. Reusch et al. [1999] and Dixon et al. [2004] found that West Antarctica is the most stormy area of the continent, affected by several large atmospheric lowpressure systems, the Amundsen Sea Low, the Weddell Sea Low and the Davis Sea Low, which serve as the primary transport mechanisms for moisture and aerosols to the West Antarctic ice
Antarctic Ice Cores
sheet. This leads to more precipitation and therefore more sulfate deposition in West Antarctica.
The deposition at the four South Pole cores is relatively stable and is close to the continental averages. Law Dome usually has higher than average deposition. Plateau Remote, Dome C, and 48% for the 1809 Unknown and Tambora eruption separately across the Antarctic ice cores.
The variability increased to 49%, 54%, and 65 % for the moderate eruptions as Krakatau, Pinatubo, and Agung eruption respectively.
In summary, we found that despite some local variability in Greenland and a few discrepancies in Antarctica, the volcanic sulfate deposition obtained from these 24 Greenland (six in 
Comparison with GISS ModelE simulations
Simulations were conducted of the volcanic aerosol transformation and distribution following the Pinatubo, Tambora, Katmai, and Laki eruptions using the GISS ModelE general circulation model coupled to a sulfur chemistry module [Oman et al., 2006] . This particular version of the model has 4°x5° horizontal resolution and 23 vertical levels. The model has both dry and wet deposition schemes coupled to climate model processes . A complete description of the model is given by Schmidt et al. [2006] . Several ensemble runs were conducted for each of these eruptions, and the results used here were the ensemble averages.
Approximately 10-20% differences in sulfate deposition over Greenland and Antarctica were found between individual ensemble runs. We injected the following amounts of SO 2 gas for each eruption: 20 Mt for Pinatubo, 55 Mt for Tambora, 5 Mt for Katmai, and 122 Mt for Laki.
Due to the coarse horizontal resolution, the model cannot capture details of local, smallscale variations of sulfate deposition. But at regional and continental scales the model produced spatial patterns similar to those from ice core observations. Figure 6 shows the model-simulated volcanic sulfate deposition in both Greenland and Antarctica and their corresponding ice core observations for the Tambora eruption. The model produces low deposition along the east side of the ice divide as well as for interior Northern Greenland, and high deposition in the West and Central Greenland and coastal regions. Over Antarctica it produces high deposition in West Antarctica and low deposition in the east Plateau region. Different from the ice core observations, the highest deposition in the model is found to be over the Transantarctic
Mountains. All of the four ModelE eruptions produce a similar deposition pattern in Greenland, as well as for the overall Arctic region (Fig. 7) . Similar deposition patterns were also found among individual ensemble runs. This similarity indicates that the initial weather conditions play a relatively minor role in the ultimate sulfate deposition pattern. and its lack of a proper simulation of the Quasi-Biennual Oscillation may cause a noticeable impact on the aerosol distribution for low latitude eruptions [Hitchman et al., 1994; Haynes and Shuckburgh, 2000] .
Estimation of Stratospheric Volcanic Sulfate Loading
With the volcanic sulfate records from the ice cores, we can do an inverse calculation of the stratospheric aerosol loading for each individual eruption. This information can then be used to calculate the radiative forcing of the climate system, one of the ultimate goals of our research.
To do this calculation, we first calculated the average volcanic sulfate deposition in the two ice caps. Then we re-examined the bomb-test calculations using the up-to-date UNSCEAR [2000] report and updated the Pinatubo-based calibration factor using our extended assembly of ice core observations. After that we calculated another set of calibration factors using the Oman et al.
[ 2006] coupled chemistry/climate model simulations and evaluated the sensitivity of these calibration factors among the different methods. Finally we calculated the stratospheric loadings of the large volcanic eruptions during the past 1000 yr by applying these factors to the 44 ice core records. Table 2 footnotes) to account for the reduction of ice cores available during those periods. Figure 9 shows the spatial distribution of total β activity (from 90 Sr + 137 Cs) from the 1952-54 low NH latitude (11°N, LNL) and 1961-62 high NH latitude (75°N, HNL) bomb tests in the Greenland ice sheet. Comparing Fig. 9 with Figs. 1 and 2, we can see that the two data sets have similar spatial coverage, though they were collected from different ice cores. The pattern of total β activity in general resembles the distribution pattern of volcanic sulfate aerosols, with large deposition near 70°N and small deposition in northeast Greenland. This confirms the previous assumption that the transport and deposition of bomb test debris resemble those of volcanic aerosols on a large scale. It also verifies, to a certain degree, the reliability of using bomb-test-derived factors to estimate stratospheric sulfate loadings. Clausen and Hammer [1988] used the total atmospheric fission injections from USA and USSR bomb tests taken from UNSCEAR [1982] and calculated the calibration factor (L B = the total β activity injected into the atmosphere by the bomb tests / the total β activity measured in Greenland ice cores) to calculate the global volcanic aerosol loadings for seven individual Greenland ice cores. Here we recalculate the factor by using the stratospheric-partitioned fission yields from the most up-to-date report [UNSCEAR, 2000] . We only use the stratospheric portion of the fission yields because we are interested in estimating the volcanic sulfate loading in the stratosphere. Clausen and Hammer [1988] for the LNL tests, but almost the same for the HNL tests. The reason is that only about 50% of the fission produced by the LNL tests was in the stratosphere whereas more than 90% of the fission produced by the HNL tests end up in the stratosphere at polar latitudes (Table 4 
Calculation of the Greenland and Antarctic mean volcanic sulfate deposition
Calculation of the calibration factors for tropical eruptions
Calculation of the calibration factors for high latitude eruptions
Two high-latitude simulations, for the 1912 Katmai and the 1783-1784 Laki eruptions, were conducted using the same model. For Katmai, 5 Mt of SO 2 gas was converted to 9.3 Mt of sulfate aerosol and the model produced an average sulfate deposition of 17 kg/km 2 over the same area of Greenland as described for Pinatubo. Therefore, L GISS of 0.55×10 9 km 2 was derived for estimating the total Katmai atmospheric loading based on sulfate deposition in Greenland. A similar calibration factor was calculated for Laki. The Laki eruption was simulated using the SO 2 emission estimate from Thordarson and Self [2003] , in which a total of 122 Mt of SO 2 gas was injected over an 8 month period with approximately 80% going into the upper troposphere/lower stratosphere. Model simulations produce a total sulfate aerosol yield of 165
Mt over the entire eruption. The average sulfate deposition over Greenland was 284 kg/km 2 ,
gives L GISS as 0.58×10 9 km 2 . This value is very close to what we derived from Katmai even though the two eruptions are very different in both the duration and height of gas injection and the relative distance from Greenland. Stevenson et al. [2003] also simulated the atmospheric loading and sulfate deposition of the Laki aerosols using specified modern atmospheric circulation coupled to a chemistry model, but their emission assumptions resulted in about 70% of the SO 2 being directly deposited to the surface before being oxidized to sulfate aerosol. As a consequence, both the lifetime and the total atmospheric loading of the sulfate aerosols were substantially smaller than those from our estimates [Oman et al., 2006] and petrology estimates [Thordarson and Self, 2003] . Figure 7 shows that the model produced similar spatial deposition patterns for Laki and Katmai, as well as the two tropical eruptions. Thus, we conclude that most Laki sulfate aerosols circulated around the Arctic with the polar vortex before being deposited on the Greenland ice sheet. Since the Laki and Katmai eruptions represent the breadth of different types of NH high latitude eruptions it is reasonable to assume that the average calibration factor of the two events (0.57×10 9 km 2 ) is applicable to all NH high latitude eruptions. Table 4 summarizes the calibration factors calculated from the above three methods, from which we find that the model-derived factors are substantially smaller than those from the other two methods. For tropical eruptions, it is very likely that the model underestimates the factors by up to 50% due to the faster than observed transport of volcanic aerosols from tropical eruptions which resulted in a greater sulfate deposition in high latitudes. The bomb-test calculation and Pinatubo observation derived factors may thus provide better estimates of the stratospheric mass loading of the tropical eruptions. No matter what method was used, the resulting calibration factor is significantly larger than the total area of the Earth (0.51×10 9 km 2 ). Our model -21 -simulations ( Fig. 8) suggest that this is because most of the deposition is in the midlatitudes (30°-60°) in each hemisphere.
Estimates of stratospheric volcanic aerosol loadings
For the NH high latitude eruptions, since we have no candidate eruption that has both satellite observations and an ice core sulfate record, we cannot derive a calibration factor as we did for Pinatubo. The bomb test calculation is also not a reliable method because most HNL bomb tests were conducted in Novaya Zemlya (75°N, 60°E), 11°-17° north of where the Laki (64°N) and Katmai (58°N) eruptions took place, as well as 8° north of the Arctic Circle.
Therefore, the transport and deposition of the nuclear debris may not be a good model for that from lower latitude volcanic eruptions. In addition, the HNL bomb tests were characterized by near instantaneous release of volatiles to heights larger than 20 km, whereas Laki in particular featured an eight-month long eruption with 13-14 km high plumes and the atmospheric mass loading was confined to the low stratosphere and troposphere [Thordarson et al., 1993; Fiacco et al., 1994; Thordarson et al., 2001] . Since both the atmospheric circulation and lifetime of aerosols are fundamentally different for the stratosphere and troposphere [Holton et al., 1995] , the HNL bomb tests likely misrepresent the transport and deposition of NH high latitude volcanic aerosols. Model simulations of the Laki and Katmai eruption, on the other hand, were found to give reasonable estimates of the transport and dispersal of the aerosols [Oman et al., 2006] .
According to the previous discussion, we decided to combine the bomb test calculation Table 2 lists the atmospheric sulfate loadings of the largest eruptions during the past 1000 years obtained in this way.
As shown in Table 2 we estimated the stratospheric loading of Tambora sulfate aerosols to be 108 Tg. This value is very close to the estimation of 93-118 Tg based on a petrology study [Self et al., 2004] but substantially smaller than the estimation of ~200 Tg by Stothers [1984] .
The latter is probably overestimated due to a local dense region of stratospheric aerosols [Self et al., 2004] . The stratospheric loading of Laki is 93 Tg of sulfate aerosols, which is smaller than the estimates based on radiation [200 Mt, Stothers, 1996] and geology [200 Mt, Thordarson and Self, 2003] , the second of which was used as input for the climate model simulation of Oman et al. [2006] . This is because we only estimated the stratosphere loading while the other two studies reported the total atmospheric loading instead of the stratospheric component.
Observational studies [Thordarson et al., 1993; Fiacco et al., 1994] found that about one third to one half of the emissions from Laki were injected into the stratosphere. Thus if we multiply our estimates of Laki loading by a factor of two, this would give a total atmospheric loading of 186
Mt which is in line with other estimates. Our estimates for the rest of the eruptions (e.g., the total stratospheric sulfate aerosol loading of 30 Tg from Pinatubo, 17 Tg from Agung, and 11 Tg from Katmai) agree well with other independent studies (30±10 Tg from Pinatubo [McCormick and Veiga, 1992; Bluth et al., 1993; McPeters, 1995] , 15±5 Tg from Agung [Rampino and Self, 1984; Kent and McCormick, 1988; Self and King, 1996] , and 11 Tg from Katmai [Stothers, 1996] , respectively). Our estimate of stratospheric sulfate aerosol loading from Krakatau (22 Tg) is relatively smaller than that from the petrology (30-50 Tg by Self [1982, 1984]) and radiation (44 Tg by Stothers [1996] ) estimates.
Improvements from previous loading estimates and remaining uncertainties
The above stratospheric volcanic mass loadings are the best estimations we could obtain with the available information, albeit imperfect. Robock and Free [1995] identified eight problems in using ice core records as measures of volcanic aerosol loading: (1) other sources of acid and bases; (2) other sources of sulfate; (3) dating uncertainties; (4) local volcanoes; (5) limited knowledge of the aerosol's pathway from the stratosphere to the ice; (6) stochastic nature of snowfall and dry deposition; (7) mixing due to blowing snow; (8) temperature dependence of ECM measurements. In the present study we used only the ice core sulfate records, which eliminated the first and the last problems. The signal extraction and deposition calculation methodology minimized the errors associated with problems (2) and (3); and our extended body of ice cores from both Greenland and Antarctica helped to distinguish local volcanoes from tropical ones in conjunction with the recent VEI index [Siebert and Simkin, 2002] . The information of the spatial distribution pattern obtained in section 3 was used to estimate and reduce the uncertainties caused by problems (6) and (7). The remaining challenge is to find out the relationship between atmospheric aerosol loadings and the amount of sulfate deposited in the snow and ice we were measuring. While the distribution of volcanic debris differs significantly depending on the latitude, altitude, timing of the eruption and the direction of the winds when the eruption took place, the calibration factors used in this study were derived from a single to a few events occurring at one latitude and altitude band under certain weather conditions. Our state-of-the-art climate model produces twice the ice core deposition as observations from both Tambora and Pinatubo, and hence the calibration factor is about half that derived from observations, assuming the model used the correct atmospheric injections of SO 2 , but the model was not developed for this purpose. The general pattern of sulfate deposition shown in Fig. 8 , seems reasonable, but a model with much more accurate and detailed stratospheric circulation and stratospheric-tropospheric exchange needs to be developed and applied to this problem.
Such a model should include high-resolution tropospheric components over the ice sheets to accurately simulate the dry and wet deposition processed there, including the detailed effects of orography.
Conclusions
We have used 44 ice core records, 24 from Greenland, Mt. Logan, and 19 from Antarctica, and GISS ModelE simulations to examine the spatial distribution of the volcanic *The original deposition in Greenland and Antarctic ice sheet was multiplied by 1.13 and 1.27, respectively to account for the spatial variation. The multipliers were calculated by comparing the average deposition of the total 7 Northern Hemisphere and 17 Southern Hemisphere ice cores to those of the 3 Northern Hemisphere and 7 Southern Hemisphere cores that have 1259 Unknown signal. **The original deposition in Greenland and Antarctic ice sheet was multiplied by 1.81 and 1.02, respectively. See Gao et al. [2006] for details. ***We found a large signal (about 7 kg/km 2 ) in the Greenland ice cores during 1963-1964, but this is probably due to the aerosol input from a high latitude NH eruption (Surtsey in Iceland). Since observations show that 2/3 of the aerosols were dispersed into the SH, we can calculate the global mass loading by multiply the SH loading by 1.5 to get the total 17 Tg of aerosols. 
